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Abstract
Highly migratory fishes (e.g., tunas, billfishes, and sharks) play a significant role in the
structure and function of open-ocean ecosystems and a better understanding of the food web
dynamics that support their populations is essential to improve management and conservation.
Here, I use complementary approaches (stomach contents, DNA barcoding, & stable isotopes) to
examine seasonal variability in the feeding ecology of sub-adult (70 – 100 cm; n = 371) and
adult (100 – 160 cm; n = 206) yellowfin tuna (Thunnus albacares) from the northern Gulf of
Mexico over a one-year period (April 2019 – March 2020). Stomach contents were represented
by 114 unique prey taxa that varied by season and size class. Carangids, ommastrephid squids,
exocoetids, and hyperiid amphipods were among the most abundant and frequently encountered
prey. Major seasonal differences were characterized by ommastrephid squids and exocoetids in
the spring, juvenile fishes (carangids & scombrids) in the summer, coastal fishes during the fall,
and an increased consumption of planktonic prey (hyperiid amphipods & salps) in the winter.
Furthermore, seasonal variability in bulk (white muscle) stable isotope values (ẟ13C, ẟ15N, &
ẟ34S) of yellowfin tuna was also observed. Sub-adult δ13C values were highest during the spring
and lowest in the fall, while adult δ13C values were relatively consistent. Seasonal trends in δ15N
and δ34S were noted in both size classes and found to be inversely related, with low δ15N (high
δ34S) values during late summer/early fall and high δ15N (low δ34S) values during late
winter/early spring. Lastly, the relative contribution of various sources (coastal fishes, oceanic
fishes & squids, and planktonic prey) to the diets of yellowfin tuna were seasonally distinct and
differed between size classes. Oceanic prey sources were more influential to adult yellowfin
tuna, while planktonic prey sources were more influential to sub-adults. These findings highlight
the complex food web dynamics supporting an opportunistic predator in an oceanic ecosystem

iv

and represents a critical step to better understanding seasonal cycles of prey availability and
resource utilization in marine ecosystems.
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Introduction
Large marine predators play significant roles in structuring open-ocean ecosystems
(Myers & Worm 2005, Rooker et al. 2019) via top-down control in which predator abundance
suppresses prey abundance (Frank et al. 2005, Baum & Worm 2009). The migratory behavior of
oceanic predators ecologically links regions and ecosystems, and often transcends international
jurisdictions (Rooker et al. 2019, Drymon et al. 2020). Still, populations of many oceanic
predators are in decline due to overfishing and other anthropogenic impacts (Myers & Worm
2003, Heithaus et al. 2008), and their migratory behavior often complicates management and
conservation (Drymon et al. 2020). An improved understanding of the drivers that sustain
predator populations, contribute to habitat quality, and influence movement/residency is needed
to effectively conserve essential habitats and food webs critical to maintaining open-ocean
ecosystems (Hays et al. 2016).
Characterization of predator diets provides critical information on the prey assemblages
and complex dynamics that support their populations (Poland et al. 2019). While highly
specialized predators often focus on a specific prey resource (e.g., snowy owls - lemmings,
Schmidt et al. 2012), opportunistic or generalist predators typically utilize a variety of prey
resources (Ménard et al. 2006). As a result, fluctuations in prey availability can lead to seasonal
shifts in diet, as predators take advantage of seasonally abundant and/or available resources
(Davidson et al. 2013, Latham et al. 2013, Stenset et al. 2016). This is particularly true in oceanic
ecosystems, where the dynamic nature of physical and biological processes leads to spatial and
temporal variability in habitat and prey availability (Block et al. 2011). Shifts in the relative
abundance of prey in the diet of opportunistic predators can provide detailed information on the
relative abundance and seasonal availability of prey in the environment (Shimose & Wells 2015).
1

Unfortunately, dietary studies are often limited in temporal resolution and lack the level of
repeated sampling needed to characterize diet shifts across the seasonal cycle (Clarke et al. 2007,
Kerr et al. 2017). Thus, despite the importance of oceanic predators in structuring marine food
webs, our understanding of seasonal foraging dynamics and the suite of prey resources needed to
support predator populations remains surprisingly limited (Acuña-Marrero et al. 2017).
Stomach content and stable isotope analyses are complementary methods that are
commonly used to investigate consumer feeding ecologies (McClain-Counts et al. 2017, Young
et al. 2018). Stomach content analysis reveals taxonomic-level information that can be used to
infer food web structure and identify predator-prey interactions (Dance et al. 2018). Stomach
contents provides short-term (hours) dietary information (Wells et al. 2008, Olson et al. 2010)
and when combined with stable isotopes, allow for a more comprehensive diet investigation
(Torres-Rojas et al. 2014, Shipley et al. 2017). The stable isotope values of carbon, nitrogen, and
sulfur can be used to reconstruct information on feeding as such signatures are the product of an
assimilated diet over time (Ménard et al. 2007, Carlisle et al. 2012). For example, ẟ13C values
can be used to assess sources of primary production to consumer diets, while also providing
information on residency (Fry et al. 2003, Vander Zanden et al. 2015). In contrast, ẟ15N values
can be used to investigate trophic relationships as ẟ15N values fractionate predictably with
increasing trophic level (Rooker et al. 2006, Sweeting et al. 2007). Furthermore, ẟ34S values can
be used to assess the importance of coastal and oceanic prey resources to diets given that sulfate
reduction occurs at different rates in benthic sediment compared to the open-ocean environments
(Jones et al. 2010, Layman et al. 2012, Dance et al. 2018).
Here, I will use complementary analyses, stomach contents and stable isotopes, to
characterize seasonal variability in the feeding ecology of a model marine predator: yellowfin
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tuna (Thunnus albacares) in the northern Gulf of Mexico (nGoM). While yellowfin tuna are
highly migratory fish found in tropical and subtropical waters worldwide and are capable of
basin-scale migrations (Vaske et al. 2004, Weng et al. 2015), recent data from long-term tagging
studies suggest some populations exhibit high annual site fidelity in marginal seas, such as the
Gulf of Mexico (Schaefer et al. 2007, Block et al. 2011, Hoolihan et al. 2014, Rooker et al.
2019). The nGoM is characterized by a convergence of nutrient rich water from the Mississippi
River, strong oceanic currents (Loop Current and associated eddies), and unique habitat features,
such as oil & gas platforms (Hamilton et al. 1999, Franks 2000, Dagg & Breed 2003), that
provide critical habitat for both foraging and spawning yellowfin tuna (Kitchens 2017, Cornic et
al. 2018, Rooker et al. 2019). However, our understanding of the prey resources and trophic
interactions that support these populations remains limited (Graham et al. 2007, Pecoraro et al.
2017). The goal of this study was to examine variability in yellowfin tuna diets at a high
temporal resolution (weekly) to characterize seasonal shifts in prey resources utilized by subadult and adult yellowfin tuna in the nGoM using stomach contents (short-term feeding: hours)
and stable isotopes (long-term feeding: months).
Objectives
1. Characterize seasonal variability in prey assemblages and identify patterns in key prey
taxa contributing to yellowfin tuna diets (recent feeding) in the northern Gulf of Mexico.
H0: Prey assemblages found in yellowfin tuna stomachs from the northern Gulf of Mexico
are similar across seasons.
2. Contrast diet and seasonal foraging patterns between sub-adult (immature) and adult
(mature) yellowfin tuna in the northern Gulf of Mexico.
H0: Sub-adult and adult yellowfin tuna forage on similar prey assemblages.
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3. Examine seasonal and size-class variability in diets (long-term) of yellowfin tuna in the
northern Gulf of Mexico using stable isotope analysis.
H0: Stable isotope values of carbon, nitrogen, and sulfur (δ13C, δ15N, & δ34S) from
yellowfin tuna white muscle tissue are similar among seasons or between size classes.
4. Classify seasonal contribution of coastal, oceanic, and planktonic prey to yellowfin tuna
diets in the northern Gulf of Mexico.
H0: There is no seasonal variability in the relative contribution of coastal, oceanic, and
planktonic prey to yellowfin tuna diet in the northern Gulf of Mexico.
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Methods
Yellowfin tuna in the northern Gulf of Mexico (nGoM; Figure 1) were sampled from
recreational charter landings via dockside over a one-year period (April 2019 – March 2020).

Figure 1. Map of the Gulf of Mexico showing the estimated area in which yellowfin tuna (n =
577) were captured by recreational charter groups from April 2019 – March 2020.

5

Samples were collected weekly throughout the study period to capture seasonality within diets.
Individual yellowfin tuna were measured to the nearest 0.5 cm (fork length, FL) and sexed
before removing the stomach and excising a section of white muscle tissue from the dorsal
musculature. In addition, bait used and capture location were recorded for each specimen.
Samples were then stored on ice and transported to the lab at Louisiana State University, where
both white muscle tissue and stomachs were stored frozen at -20°C until later processing.
After thawing stomachs, individual prey items were removed, rinsed with distilled water,
and then identified to the lowest possible taxonomic grouping. To remove excess water, prey
items were blotted with Kimtech Kimwipes and then weighed to the nearest 0.1 gram (Zacharia
& Abdurahiman 2004). Additionally, white muscle tissue of fishes, mantles of squids, and whole
bodies of crustaceans were analyzed for ẟ13C, ẟ15N, and ẟ34S. Prey items selected for stable
isotope analysis were limited to high quality specimens, where little to no digestion was
observed. These samples were stored at -20°C until stable isotope analysis. DNA barcoding was
also utilized to identify prey items that otherwise could only be assigned to broad taxonomic
groupings (i.e., fish, squid, crustacean, etc.) due to advanced stages of digestion. A small section
(cm3) of muscle tissue was excised from these individuals and preserved in 95% ethyl alcohol.
DNA of prey samples were extracted using DNeasyÒ Tissue Kit (Qiagen), where a 655-base pair
region of the mitochondrial COI gene was amplified using FishF2 and FishR2 primers (Ward et
al. 2005). Purified PCR products were then visualized on a 1.5% agarose gel stained with
ethidium bromide. Next, positive PCR reactions were purified using Exonuclease I and Fast
Alkaline Phosphatase (ExoFAP, ThermoFisher Scientific), bi-directionally sequenced by
Arizona Research Laboratories (Tucson, AZ), edited in Sequencher (Gene Codes Corporation),
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and checked against the BLAST nucleotide database to confirm species-level identity (Altschul
et al. 1990).
Stable isotope analysis of ẟ13C, ẟ15N, and ẟ34S was performed on a subset of yellowfin
tuna (n = 240) and select prey items (excised during stomach content analysis). Yellowfin tuna
samples were systematic chosen to obtain a comparable size (FL) across seasons and to capture a
representative sample of each season. Prior to analysis, white muscle tissue samples of yellowfin
tuna and prey items were freeze-dried for 48 hours and then homogenized using mortar and
pestle. Homogenized tissues and vanadium pentoxide, a catalyst that aids in the combustion of
samples, were weighed (1.5 ± 0.025 milligrams and 3.0 ± 0.025 milligrams, respectively) and
loaded into 5 x 9-millimeter tin capsules for stable isotope analysis using an elemental analyzer
interfaced with a continuous flow isotope ratio mass spectrometer (EA-IRMS). Stable isotope
values were referenced to Vienna Pee Dee Belemnite for carbon, atmospheric N2 for nitrogen,
and Vienna Canyon Diablo troilite for sulfur, in which:
𝛿 13 C, 𝛿 15 N, or 𝛿 34 S (‰) = (

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
− 1) × 1000
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

where R represents the ratio of heavy to light isotopes (13C/12C, 15N/14N, 34S/32S).
Carbon to nitrogen ratios (C:N) were then examined to determine if lipid correction was
necessary since variations in lipid content directly influence ẟ13C values and can lead to
inaccurate interpretations of ẟ13C signatures (Sweeting et al. 2006, Skinner et al. 2016). Due to
the relatively high lipid content in yellowfin tuna white muscle tissue samples (C:N > 3.5, Post et
al. 2007), lipid extraction was performed on subset samples that encompassed the range of C:N
values within our study and followed a modified protocol outlined by Kim & Koch (2012),
where 2:1 chloroform was used as the solvent instead of petroleum ether.
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Data Analysis
Yellowfin tuna were grouped in two size classes (sub-adults: 70 – 100 cm and adults: 101
– 160 cm) to account for the influence of body size on diet (Zudaire et al. 2013, Sardenne et al.
2016). A total of 371 sub-adult and 206 adult yellowfin tuna were collected during the study
period. Empty stomachs and those containing only parasites, Sargassum, bait, chum, and/or
unidentified prey items (~ 15% of all stomachs) were not used for statistical comparisons. Prey
items were classified as bait when characterized by obvious hook/knife marks and/or when
specifically reported as being used as bait by recreational charter anglers. Collectively, 311 subadult and 178 adult yellowfin tuna stomachs were used in stomach content analysis to investigate
seasonal variations among prey assemblages within each size class. For the purposes of this
study, seasons were defined as spring (April - June), summer (July - September), fall (October December), and winter (January - March). Prey items that were not assigned to family level
taxonomy were omitted from statistical analysis (~ 7.2 %N). Percent composition by number
(%N), percent composition by weight (%W), and percent frequency of occurrence (%FO) were
calculated at both the lowest identifiable taxonomic rank and family level. An index of relative
importance (%IRI), using both weight and numerical-based metrics of prey contribution, was
then calculated from %N, %W, and %FO:
𝐼𝑅𝐼 = (%𝑁 + %𝑊) × %𝐹𝑂
and
𝐼𝑅𝐼
) × 100
%𝐼𝑅𝐼 = (
Σ 𝐼𝑅𝐼
and used to evaluate prey importance across seasons (Pinkas et al. 1971, Hyslop 1980, Cortés
1997, Zacharia & Abdurahiman 2004).
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All statistical tests were performed in the R Statistical Programming Environment
(version 4.0.5, R Core Team 2020) using an alpha value of 0.05. To assess alpha diversity of
yellowfin tuna prey assemblages, species richness (S) and Simpson’s diversity index (D1) were
calculated for each stomach using raw count data of prey items. The influence of season and size
class on S and D1 were then examined using analysis of variance (ANOVA). For significant
ANOVAs, a post hoc test (Tukey’s HSD) was conducted for pairwise comparisons to identify
which seasons were statistically different. Further, seasonal patterns in beta diversity of
yellowfin tuna prey assemblages were contrasted using permutational analysis of variance
(PERMANOVA). To statistically assess prey communities, a weighted metric accounting for
both numerical and nutritional importance of prey families was developed, where:
%𝑁𝑊 =

(%𝑁 + %𝑊)
2

was calculated for each prey family per individual stomach, and then used to create a Bray-Curtis
dissimilarity matrix. A PERMANOVA was then performed on the Bray-Curtis dissimilarity
matrix to evaluate the effects of season on prey composition for sub-adult and adult yellowfin
tuna using the vegan package (Oksanen et al. 2013). For significant tests, pairwise comparisons
were examined using the pairwise.adonis2() function developed by Arbizu 2020. Additionally,
similarity percentages (SIMPER) were used to identify the prey families contributing most to the
dissimilarity among seasons and size classes (Oksanen et al. 2013). Lastly, seasonal patterns in
the occurrence of prominent prey taxa in yellowfin tuna diets were examined and visualized
using generalized additive models (GAMs). Occurrence (1 = present, 0 = absent) was modeled
against day of year (1 - 366, where Day 1 was April 1) and fitted with a binomial distribution
using a logit link in the R package mgcv. Cyclic cubic regression splines were penalized from a
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specified maximum basis dimension (k = 8) with the degree of each penalty and smoothness
automatically selected by restricted maximum likelihood (REML).
The effects of season and size class on δ13C, δ15N, and δ34S values in yellowfin tuna were
examined using generalized additive mixed models (GAMMs). Modeling followed a hierarchical
GAM (HGAM) framework as described by Pederson et al. (2019), which is helpful in identifying
ecological patterns (e.g., seasonality) and differences between groups (e.g., size classes). Models
were developed for each isotope with isotopic value as the response variable, day of year (1 366, day 1 = April 1st) as the explanatory variable, and size class included as a random effect:
𝔼(𝑆𝑡𝑎𝑏𝑙𝑒 𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝑉𝑎𝑙𝑢𝑒) = 𝑓(𝐷𝑎𝑦 𝑜𝑓 𝑌𝑒𝑎𝑟) + 𝜁(𝑆𝑖𝑧𝑒 𝐶𝑙𝑎𝑠𝑠) + 𝜀𝑖
HGAMs were developed to allow the smooths for each random effect to vary independently in
both shape and wiggliness (model I, Pederson et al. 2019). Smoothing parameters were selected
using REML since it produces less variability when smoothing and is more resistant to
overfitting data (Wood 2011). Models were fitted with a gaussian distribution in the package
mgcv in R using cyclic cubic regression splines penalized from a basis dimension (k) of 8 for all
models to avoid overfitting and unrealistic ecological interpretations (Furey & Rooker 2013,
Dance & Rooker 2019).
The relative contribution of various prey sources (coastal fishes, oceanic fishes & squids,
and planktonic prey) to sub-adult and adult yellowfin tuna across seasons were estimated with
Bayesian mixing models (Moore & Semmens 2008, Wai et al. 2012) using the MixSIAR
package in R (Stock et al. 2018), in which consumers were expected to reflect diets ~ 6 months
in the past for sub-adults and ~ 9 months in the past for adults according to previous turnover
rate estimates and allometric scaling of body size (Graham et al. 2007, Ménard et al. 2007,
Vander Zanden et al. 2015). Source data was obtained from stable isotope analysis of prey items
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found in stomach contents. Prior to performing mixing models, prey items were grouped into
coastal, oceanic, and planktonic prey sources based on statistical (cluster analysis; Lerner et al.
2018) and taxonomical/biological similarity (nekton vs. plankton). Furthermore, to accurately
report δ13C values of chosen prey, lipid correction equations referenced from best available
literature (Logan et al. 2008, Logan & Lutcavage 2013, Pomerleau et al. 2014, D’Ambra et al.
2018) were applied to prey samples that possessed C:N ratios greater than 3.5 (Post 2007).
Certain lipid correction equations were not species-specific; therefore, corrected δ13C of some
prey may possess a level of error. Trophic discrimination factors (TDFs, Δ13C and Δ15N) were
estimated based on values reported from previous studies on tuna (Varela et al. 2011, Madigan et
al. 2012, Graham 2008). White muscle tissue TDFs and associated standard deviations (± SD)
were estimated to be 0.82 ± 1.13 for δ13C (averaged δ13C from Varela et al. 2011 & Madigan et
al. 2012) and 2.1 ± 1.0 for δ15N (Graham 2008). Due to better model performance (lower LOOic
score) and the lack of comparable δ34S TDFs for tuna-like species, δ34S was not included in
Bayesian mixing models. Lastly, priors were constructed for each source in both sub-adult and
adult mixing models from stomach content data using the averaged %NW of prey families
(Stock et al. 2018). Priors incorporated into the sub-adult mixing model were estimated to be
0.06 for coastal prey sources, 2.02 for oceanic prey sources, and 0.91 for planktonic prey
sources, while adult mixing model priors were calculated to be 0.36 for coastal prey sources,
2.32 for oceanic prey sources, and 0.32 for planktonic prey sources.
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Results
Stomach contents were characterized by 114 unique prey taxa, representing 59 families
(Figure 2 & 3). After DNA barcoding, prey items that did not achieve family-level assignment
represented ~7.2% (%N) of the overall diet. Diets were diverse and included members of
Actinopterygii (bony fishes), Crustacea (amphipods, crabs, lobsters, shrimps, and stomatopods),
Cephalopoda (squids), Echinodermata (starfishes), Gastropoda (solely marine snails), and
Tunicata (salps).
Mean species richness (S; Table 1) of prey assemblages found in individual sub-adult
stomachs were significantly different among seasons (ANOVA, p < 0.001). The mean number of
Table 1. Alpha diversity indices (Species Richness & Simpson’s Diversity) calculated per
individual stomach and averaged across season for both sub-adult and adult yellowfin tuna from
the nGoM.
Class
Sub-adult

Adult

Alpha Diversity

Spring

Summer

Fall

Winter

Species Richness

3.1 ± 0.2

2.5 ± 0.3

3.8 ± 0.3

4.8 ± 0.2

Simpson’s Diversity

0.39 ± 0.03

0.32 ± 0.05

0.44 ± 0.04

0.49 ± 0.03

Species Richness

3.8 ± 0.4

3.0 ± 0.2

2.9 ± 0.3

2.7 ± 0.4

Simpson’s Diversity

0.49 ± 0.04

0.36 ± 0.03

0.37 ± 0.04

0.28 ± 0.05

unique prey taxa observed per stomach was higher during winter (S = 4.8 ± 0.2; mean ± SE)
relative to the other seasons (S = 2.5 – 3.8; Tukey’s HSD, p < 0.05). Similarly, prey richness was
also higher in fall (S = 3.8 ± 0.3) compared to summer (S = 2.5 ± 0.3; Tukey’s HSD, p < 0.05),
with no differences observed between fall and spring or spring and summer (ANOVA, p > 0.05).
In contrast, seasonal differences in prey richness were not observed for adult yellowfin tuna
(ANOVA, p > 0.05). Prey richness was similar between size classes during most seasons with
the exception of winter, where the mean number of taxa in a given stomach was greater in sub-
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Figure 2. A heat tree showing the importance of prey items (identified to the lowest possible
taxonomy) to sub-adult yellowfin tuna diets based on %IRI. The central node of each heat tree
represents the total diet for a particular season (spring, summer, fall, or winter), where color,
node size, and text size are scaled to prey item importance.
(fig. cont’d)
13
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Figure 3. A heat tree showing the importance of prey items (identified to the lowest possible
taxonomy) to adult yellowfin tuna diets based on %IRI. The central node of each heat tree
represents the total diet for a particular season (spring, summer, fall, or winter), where color,
node size, and text size are scaled to prey item importance.
(fig. cont’d)
15
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adults (S = 4.8 ± 0.2) relative to adults (S = 2.7 ± 0.4; ANOVA, p < 0.001). Additionally,
Simpson’s Diversity (D1; Table 1) was calculated to further investigate seasonal patterns in alpha
diversity of prey assemblages. Seasonal differences in prey diversity were found for sub-adult
yellowfin tuna (ANOVA, p = 0.007), with the greatest diversity being documented in winter (D1
= 0.49 ± 0.03) relative to spring (D1 = 0.39 ± 0.03) and summer (D1 = 0.32 ± 0.05). Prey
diversity differed among seasons for adult yellowfin tuna as well (ANOVA, p = 0.04), with
greater diversity observed in spring (D1 = 0.49 ± 0.04) compared to winter (D1 = 0.28 ± 0.05;
Tukey’s HSD, p = 0.02). No other differences were noted between seasons. Size class
comparisons within seasons were mostly similar; however, the mean prey diversity per stomach
during winter was significantly greater for sub-adults (D1 = 0.49 ± 0.03) compared to adults (D1
= 0.28 ± 0.05; ANOVA, p < 0.001).
A PERMANOVA was performed to examine seasonal variations among prey
assemblages (beta diversity) found in sub-adult and adult yellowfin tuna stomachs, in which
clear differences were observed for both classes (PERMANOVA, p < 0.001). Nearly all possible
pairwise combinations of season and size class were statistically unique (Arbizu 2020; p < 0.01)
with the exception of sub-adult and adult diets during the spring (p > 0.05). A SIMPER analysis
revealed that nine prey families were collectively responsible for contributing at least 50% to the
dissimilarity across all size class and seasonal comparisons (Table 2). Carangidae (carangids)
contributed the most to the sub-adult dissimilarity between all seasons aside from spring and
winter (Phrosinidae or phrosinids), while other influential prey families included flyingfishes
Exocoetidae (exocoetids) and Ommastrephidae (ommastrephid squids). Similarly, the adult
dissimilarity was largely influenced by carangids, exocoetids, and ommastrephid squids, where
carangid contribution was the highest for all seasonal comparisons aside from spring and fall
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Sub-adult*Adult

Adult

Sub-adult

Table 2. Similarity percentage (SIMPER) analysis highlighting the average contribution of the most influential prey families to subadult, adult, and sub-adult*adult dissimilarities, where represented prey items collectively contributed greater than 50% to each
dissimilarity.
Diets Compared

Carangid

Coryphaenid

Exocoetid

Nomeid

Ommastrephid

Phrosinid

Scombrid

Serranid

Stomatopod

Spring*Summer

30.4%

1.9%

11.3%

1.3%

11.7%

3.6%

4.4%

8.1%

6.3%

Spring*Fall

17.5%

2.1%

14.5%

1.6%

13.4%

4.9%

2.3%

6.7%

4.9%

Spring*Winter

9.5%

2.4%

13.1%

6.6%

12.1%

13.5%

2.6%

6.7%

0.8%

Summer*Fall

33.3%

0.1%

11.7%

0.4%

7.0%

2.4%

2.8%

2.6%

10.6%

Summer*Winter

30.2%

0.5%

7.9%

6.0%

4.1%

13.5%

2.7%

2.3%

6.8%

Fall*Winter

19.5%

0.6%

12.0%

6.2%

6.2%

13.2%

0.3%

0.0%

5.5%

Spring*Summer
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(exocoetids) and spring and winter (ommastrephid squids). When comparing seasonal prey
assemblages between size classes, SIMPER showed that ommastrephid squids and
Coryphaenidae (coryphaenids) contributed the most to the spring and winter dissimilarity,
respectively, while carangids contributed the most to both summer and fall dissimilarities.
Although stomach contents were characterized by a high level of diversity, an index of
relative importance (%IRI) found few prey families constituted a majority of sub-adult and adult
yellowfin tuna diets (Figure 4 & 5). Spring prey assemblages for both sub-adult and adult
yellowfin tuna were largely represented by ommastrephid squids, exocoetids, and juvenile reefassociated fishes (Serranidae or serranids). Ommastrephid squids were most influential to %IRI
for both sub-adult (34.1 %IRI) and adult (46.3 %IRI) diets during spring, while exocoetids and
serranids represented much of the remaining diet. Carangids were the most important prey taxa
by %N, %W, and %IRI for both sub-adults (84.6 %IRI) and adults (54.2 %IRI) during the
summer, with Caranx crysos (blue runner) being the most frequently encountered species in both
diets. Additionally, pelagic-oriented stomatopod larvae (9.2 %IRI) were important to sub-adult
yellowfin tuna during the summer, while the family Scombridae (scombrids, 35.7 %IRI) was
influential to adult diets. Sub-adult diets during the fall primarily consisted of carangids (36.9
%IRI), exocoetids (26.7 %IRI), and the hyperiid amphipod family Brachyscelidae
(brachyscelids, 9.8 %IRI). In contrast, adult yellowfin tuna consumed coastal fishes, such as the
family Mugilidae (mugilids, 41.1 %IRI) as well as carangids (16.1 %IRI), ommastrephid squids
(11.9 %IRI), and exocoetids (10.8 %IRI). Finally, the winter prey assemblage of sub-adult
yellowfin tuna was characterized by phrosinids (65.4 %IRI) followed by exocoetids (9.9 %IRI),
carangids (7.1%IRI), and the family Nomeidae (nomeids, 6.5 %IRI). Adult yellowfin tuna diets
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Figure 4. A heat matrix showing the seasonal importance of prey families to the diets of subadult yellowfin tuna from the nGoM, in which darker shades of blue indicate greater importance
(%IRI) to the diet. All prey families shown here contributed greater than 1% to %IRI.

Figure 5. A heat matrix showing the seasonal importance of prey families to the diets of subadult yellowfin tuna from the nGoM, in which darker shades of blue indicate greater importance
(%IRI) to the diet. All prey families shown here contributed greater than 1% to %IRI.
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during the winter were represented by coryphaenids (23.0 %IRI), phrosinids (19.2 %IRI),
exocoetids (11.9 %IRI), the family Salpidae (salps, 11.0 %IRI), and carangids (10.7 %IRI).
The occurrence of prominent prey taxa in yellowfin tuna diets varied temporally, and
significant seasonal trends were evident for each taxa examined (GAM, p < 0.05; Figure 6).

Figure 6. The occurrence (presence, absence) of prominent prey taxa was fitted with a binomial
distribution and modeled against day of year using generalized additive models (GAMs), where
shading (grey and white rectangles) indicates different seasons. Note, y-axes are on different
scales.
Strong seasonality, indicated by high peaks within a single season, was observed for scombrids
(summer), carangids (summer), and salps (winter). Peak magnitude for hyperiids amphipods was
greatest during early winter; however, the probability of occurrence for hyperiids amphipods was
relatively high during spring and fall as well. In contrast, prey that did not exhibit strong
seasonality (lesser peak magnitude) was documented in coastal fishes (fall – winter).
Interestingly, exocoetids, juvenile reef fishes, squids, and stomatopod juveniles displayed
bimodal trends, with peaks occurring in two separate seasons. The probability of occurrence for
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both exocoetids and squids was greatest during spring, with a second peak in fall to early winter.
The probability of occurrence for juvenile reef fishes was characterized by a stronger peak
during late spring – early summer and a weaker peak during fall. Lastly, the occurrence of
stomatopod larvae was greatest during late fall/early winter, with a smaller peak during summer.
Seasonal patterns in δ13C, δ15N, and δ34S values were examined in both sub-adult (n =
120) and adult (n = 120) yellowfin tuna (Table 3). To accurately report δ13C values, lipid
Table 3. Mean stable isotope values (± standard deviation) and C:N ratios of sub-adult and adult
yellowfin tuna across season.
Size Class
Sub-adult

Adult

Season
Spring
Summer
Fall
Winter
Spring
Summer
Fall
Winter

δ13C
-17.1 ± 0.2
-17.3 ± 0.4
-17.5 ± 0.3
-17.4 ± 0.3
-17.1 ± 0.3
-17.2 ± 0.2
-17.1 ± 0.4
-17.3 ± 0.4

δ15N
11.9 ± 0.5
10.4 ± 1.1
11.1 ± 1.0
11.5 ± 1.1
11.7 ± 1.2
11.7 ± 1.2
10.8 ± 1.2
12.0 ± 1.9

δ34S
18.2 ± 0.6
19.1 ± 0.6
19.1 ± 0.6
18.6 ± 0.8
18.3 ± 0.5
18.6 ± 0.6
19.0 ± 0.5
18.5 ± 0.8

C:N
3.16 ± 0.09
3.23 ± 0.13
3.32 ± 0.22
3.22 ± 0.16
3.23 ± 0.33
3.15 ± 0.13
3.29 ± 0.20
3.96 ± 0.99

extraction was performed on a subset of samples (n = 36) that encompassed the range of C:N
values (2.957 to 6.493). Using non-linear squares to solve for a three-parameter asymptotic
model based on non-linear C:N and Δ13C relationships derived for Thunnus thynnus (Atlantic
bluefin tuna, Logan et al. 2008), a species-specific arithmetic lipid correction equation was
developed (Figure 7):
𝛿 13 𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛿 13 𝐶𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 +

((9.356 × 𝐶: 𝑁) − 29.359)
(𝐶: 𝑁 + 2.181)

and applied to all other untreated samples with C:N ratios that exceeded 3.14 (x-intercept).
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Figure 7. Lipid extraction performed on a subset of yellowfin tuna white muscle tissue samples
(n = 36) demonstrated a nonlinear relationship between C:N and Δδ13C that was then used to
derive a species-specific lipid correction equation.
Sub-adult δ13C values ranged from -18.3‰ to -16.5‰, and -18.2‰ to -16.1‰ for adults.
Significant seasonal trends in δ13C were observed for sub-adults (HGAM, p < 0.001; Figure 8),
peaking during the spring (-17.1‰) before declining to a minimum in the fall (-17.5‰). In

Figure 8. Generalized additive mixed models (GAMMs) following a hierarchical framework
(HGAMs; model I) demonstrating the response of sub-adult and adult δ13C values against day of
year with size class treated as a random effect.
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contrast, no seasonal trend was detected for adult yellowfin tuna (HGAM, p > 0.05).
Additionally, a significant difference between the estimated smooths for sub-adult and adult
yellowfin tuna were detected from fall to winter (early September – late February), where subadults possessed lower δ13C values within the specified period.
Overall, δ15N values for sub-adult yellowfin tuna ranged from 8.3‰ to 13.9‰, while
adult values ranged from 7.6‰ to 14.7‰. Significant seasonal trends in δ15N values were
evident for both size classes (HGAM, p < 0.05; Figure 9), where both sub-adult and adult
yellowfin tuna exhibited highest δ15N values during late winter/early spring. Minimum δ15N

Figure 9. Generalized additive mixed models (GAMMs) following a hierarchical framework
(HGAMs; model I) demonstrating the response of sub-adult and adult δ15N values against day of
year with size class treated as a random effect.
values for sub-adults were observed during late summer (10.5‰), while adult δ15N values
reached lowest values during the late fall/early winter (10.8‰). Differential HGAMs showed
that δ15N values were significantly different between size classes during late summer to early fall
(mid June – early October), where mean δ15N values of sub-adult yellowfin tuna were lower.

24

The observed range of δ34S values were similar between size classes, where sub-adult
values ranged from 16.5‰ to 20.0‰ and adults ranged from 16.6‰ and 19.8‰. Seasonal trends
for δ34S were significant (HGAM, p < 0.05; Figure 10) for both size classes and followed similar

Figure 10. Generalized additive mixed models (GAMMs) following a hierarchical framework
(HGAMs; model I) demonstrating the response of sub-adult and adult δ34S values against day of
year with size class treated as a random effect.
patterns. Sub-adult δ34S values were relatively low in the spring (18.2‰) but increased to a peak
in late summer/early fall (19.3‰), before declining again in the winter. A similar pattern was
observed for adult yellowfin tuna, with δ34S values increasing from a low in the spring (18.3‰)
to a peak in late fall (19.0‰). Thus, adult δ34S values peaked 1-2 months later than sub-adults;
however, the magnitude of change in δ34S values was greater in sub-adult yellowfin tuna.
Furthermore, significant differences between the estimated smooths for sub-adult and adult
yellowfin tuna were apparent during late summer to early fall (late August – late October), with
sub-adults exhibiting higher mean δ34S values during this period.
Bayesian mixing models were used to estimate the relative contribution of three sources
(coastal fishes, oceanic fishes and squids, & planktonic prey; Table 4) to the bulk muscle stable
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Table 4. The average stable isotope value (δ13C, δ15N, and δ34S), associated standard deviation, and averaged concentration for each
isotope that were incorporated into Bayesian mixing models to estimate the relative contribution of oceanic, planktonic, and coastal
prey sources to the diets of sub-adult and adult yellowfin tuna from the nGoM.
Source
Oceanic
Scombridae
Carangidae
Exocoetidae
Ommastrephidae
Planktonic
Brachyscelidae
Phrosinidae
Crab Megalopae
Coastal
Clupeidae
Mugilidae

Mean
δ13C
-18.4
-17.9
-18.3
-18.5
-18.8
-17.7
-17.3
-17.6
-18.2
-17.9
-18.5
-17.3

SD
δ13C
0.3
0.6
0.2
0.1
0.3
0.5
1.1
0.7
0.3
0.8
0.6
1.9

Mean
δ15N
10.0
8.9
10.1
10.6
10.4
6.6
7.2
6.9
5.8
12.5
12.8
12.3

SD
δ15N
0.7
1.0
1.4
0.7
1.3
0.8
0.5
0.6
0.2
0.4
0.6
1.9

Mean
δ34S
19.9
19.8
19.9
19.6
20.5
21.1
21.3
20.7
21.2
15.3
17.4
13.1
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SD
δ34S
0.4
0.6
0.6
0.2
0.2
0.3
0.5
0.2
0.3
3.0
0.6
2.4

Conc.
δ13C
0.4590
0.4566
0.4525
0.4591
0.4679
0.3423
0.3221
0.3116
0.3930
0.4720
0.4825
0.4615

Conc.
δ15N
0.1397
0.1439
0.1421
0.1400
0.1328
0.0607
0.0595
0.0705
0.0519
0.1415
0.1441
0.1390

Conc.
δ34S
0.0127
0.0114
0.0120
0.0119
0.0154
0.0083
0.0086
0.0095
0.0069
0.0114
0.0108
0.0119

n
12
2
3
4
3
10
3
4
3
9
5
4

isotope values of sub-adult and adult yellowfin tuna. Overall, the predicted relative contribution
of prey sources to yellowfin tuna were seasonally variable and unique between size classes
(Figure 11). Sub-adult diets during the spring (fall diets) were influenced by all three prey
sources, with planktonic sources (38.8 ± 8.7%) contributing the most. The greatest contribution

Figure 11. Consolidated boxplot of scalar density plots from Bayesian mixing models showing
the percent contribution of coastal, oceanic, and planktonic prey sources to the diets of sub-adult
and adult yellowfin tuna, in which the x-axis (season) has been adjusted, based on turnover
estimates for sub-adults (~ 6 months) and adults (~ 9 months), to reflect feeding that occurred
within the respective season.
of coastal prey sources (25.5 ± 4.6%) to sub-adults was also observed during the spring;
however, the mean contribution of coastal prey sources to sub-adults was marginal for all other
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seasons (2.6 – 5.6%). The diets of sub-adult yellowfin tuna during the summer (winter diets)
were predicted to be largely influenced by planktonic prey sources (70.0 ± 15.7%) followed by
oceanic prey sources (27.3 ± 16.4%). In contrast, fall (spring diets) and winter (summer diets)
signatures of sub-adults received greater contribution from oceanic prey sources (57.0 ± 13.9%
& 67.0 ± 13.9%) but were also received considerable contribution from planktonic prey sources
(39.4 ± 14.0% & 27.4 ± 13.6%). The predicted relative contribution of coastal, oceanic, and
planktonic prey sources to adults during spring (summer diets) and summer (fall diets) were
comparable, in which oceanic prey sources (50.0 ± 15.5% & 51.0 ± 12.1%) contributed more
than planktonic (39.8 ± 10.6% & 38.5 ± 8.4%) and coastal prey sources (10.3 ± 8.4% & 10.5 ±
7.7%). Spring and summer were also when the seasonal contribution of coastal prey sources was
greatest for adult yellowfin tuna. The isotopic composition of adults in the fall (winter diets)
were influenced by planktonic prey sources (52.5 ± 12.2%) but also received notable
contribution from oceanic prey sources (43.4 ± 13.0%). Lastly, adult yellowfin tuna collected in
the winter (spring diets) were overwhelmingly characterized by oceanic prey sources (87.2 ±
7.7%), while planktonic prey sources (10.3 ± 7.0%) contributed less.
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Discussion
The seasonal variability observed in the feeding ecology of yellowfin tuna from the
nGoM demonstrates the temporally dynamic and seasonally unique feeding patterns of an
opportunistic marine predator. While seasonal dietary shifts have been described in several
terrestrial predators (Davidson et al. 2013, Latham et al. 2013, Stenset et al. 2016)
documentation of such patterns in marine predators is relatively limited due to complex life
histories and sampling limitations (e.g., dependence on recreational and commercial fisheries,
seasonal closures, weather). Temporal shifts in diets of yellowfin tuna in the nGoM, mirrored the
availability and abundance of prey, which were largely influenced by prey reproductive cycles
(spawning migrations/aggregations, juvenile recruitment) and the association of yellowfin tuna
and their prey to oil & gas platforms. The influence of prey reproductive cycles on the diet of
aquatic, terrestrial, and avian predators is well-documented, as predators often preferentially
target young and/or weak individuals (Genovart et al. 2010, Reardon et al. 2011). The
importance of prey reproductive cycles to marine predator diets is likely enhanced by several
unique reproductive strategies of (many) marine fishes and invertebrates that lead to distinct
temporal patterns in prey abundance including aggregation of individuals to spawn, protracted
spawning, batch spawning, production of hundreds of thousands of offspring, beginning life as
pelagic larvae, and lack of parental care (Lowerre-Barbieri et al. 2011). Because many marine
predators, including tunas, are opportunistic foragers, we might expect patterns of relative
abundance of prey taxa in stomachs to reflect in situ fluctuations of prey abundance in the
surrounding ecosystem (Shimose & Wells 2015). Indeed, beginning in late spring/early summer,
yellowfin tuna in the nGoM appeared to target juvenile prey such as post-settlement reef fish
(late spring/early summer, fall), juvenile scombrids (early summer), juvenile carangids
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(summer/fall), stomatopod larvae (summer through late fall), and decapod megalopae (fall),
many of which recruit to oil & gas platforms where yellowfin tuna in the nGoM are often
associated (Hoolihan et al. 2014). Prominent open water prey such as exocoetids and
ommastrephid squids disappeared from yellowfin tuna diets during summer, which likely reflects
opportunistic feeding on juvenile fishes and invertebrates that recruit to oil & gas platforms in
large numbers during the summer (Stanley & Wilson 1997, Hernandez 2001) rather than a
decline in open water species. Similarly, the consumption of larger coastal prey in fall
corresponded with the timing of offshore spawning migrations for several inshore taxa (mugilids,
clupeids; Ditty & Shaw 1996, Brown-Peterson et al. 2017). As the availability of juvenile fishes
declines in late fall/winter (Stanley & Wilson 1997), both sub-adult and adult yellowfin tuna
shift to planktonic prey while adults also target open water fishes (e.g., coryphaenids, nomeids,
pomatomids, exocoetids).
Ontogenetic diet shifts are common in marine fishes (Morato et al. 2000, Graham et al.
2007, Duffy et al. 2010) as large (orders of magnitude) changes in body size during development
increase their ability to exploit larger prey resources (Scharf et al. 2000). As a result, sizedependent differences in the feeding ecology of yellowfin tuna might be expected (Ménard et al.
2006, Sarà & Sarà 2007). While a significant dietary shift at 40 – 50 centimeters has been linked
to a transition from planktonic to piscivorous feeding (Graham et al. 2007), yellowfin tuna in the
current study were considerably larger, and thus had likely already made this transition. Still,
significant diet differences were observed between sub-adult and adult yellowfin tuna during
three of the four seasons, which may be reflective of different habitat associations between the
two size classes. Sub-adult diets were characterized by several prey taxa that are strongly
associated with oil & gas platforms, feeding primarily on juvenile fishes and invertebrates that
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recruit to platforms during the summer and fall before shifting to hyperiid amphipods that are
abundant on artificial structures (Tarnecki & Patterson 2015) in the winter. In contrast, adult
yellowfin tuna consumed both small and large prey characteristic of multiple habitats (platforms,
open water, and coastal) to take advantage of seasonally abundant prey resources. While adult
yellowfin tuna also consumed platform-associated prey (e.g., juvenile carangids and reef fishes,
hyperiid amphipods) adults consumed larger planktonic prey (salps), open water fishes
(coryphaenids & scombrids), and coastal fishes (pomatomids, mugilids, & sciaenids) during
periods when these taxa are seasonally abundant. Similar to other large predators in the northern
Gulf of Mexico (Alewijnse & Wells 2020), adult yellowfin tuna exploited shrimp fishery
discards (sciaenids) and coastal prey resources during the fall when many estuarine fishes (e.g.,
mugilids, clupeids) make offshore spawning migrations (Ditty & Shaw 1996, Brown-Peterson et
al. 2017). However, large predators (e.g., sharks & dolphins) also aggregate to forage on these
resources and may increase predation risk for smaller sub-adult yellowfin tuna, which might
explain why coastal fishes were not significant contributors to sub-adult diets. Thus, it seems that
yellowfin tuna in the northern Gulf of Mexico may forage more closely to oil & gas platforms
during the sub-adult stage to take advantage of abundant prey resources that recruit to or are
aggregated by the structure and become less structure dependent as they grow, consuming a
greater proportion of non-structure associated prey resources as adults to meet increasing
metabolic demands as predation risk decreases.
Yellowfin tuna are opportunistic generalists with a circumtropical distribution, yet
previous feeding studies indicate remarkable similarity in diet across multiple ocean basins
(Ménard et al. 2007, Rudershausen et al. 2010, Duffy et al. 2017). Although yellowfin tuna
consume a variety of fishes, squid, and crustaceans, the bulk of the diet in all regions is typically
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characterized by ommastrephid squids, exocoetids, and scombrids (Potier et al. 2004, Graham et
al. 2007, Rudershausen et al. 2010, Zudaire et al. 2015, da Silva et al. 2019). While these oceanic
epipelagic taxa were also significant components of yellowfin tuna diets in the current study,
prey assemblages in the nGoM were notably distinct from other regions with considerable
contribution from planktonic, coastal, and reef-associated prey. It is possible that these
differences simply reflect the high temporal (weekly) resolution of sampling in the current study
(facilitated by a year-round fishery), as the temporal scope of marine dietary studies is often
influenced by external factors (weather, fishery dynamics, cost, timing of tournaments or
directed scientific sampling) that limit sporadic sampling to certain seasons, which could explain
unique prey assemblages (i.e., planktonic prey) during the winter. Still, the importance of
structure-associated fishes to nGoM yellowfin tuna diets suggests regional diet differences may
be more likely explained by unique habitat features in the nGoM, such as oil & gas platforms
(Franks 2000, Hernandez et al. 2003, Fujii 2016), proximity to the Mississippi River Delta, and
detached mesoscale features (e.g., eddies) from the Loop Current (Hamilton et al. 1999). The
aggregating effects of oil & gas platforms on marine biomass are well-documented and the
substantial midwater habitat provides settlement structure that is highly accessible to pelagic
recruits (Hernandez 2001, Claisse et al. 2014), while also attracting planktonic organisms (i.e.,
hyperiid amphipods) that exhibit positive phototaxis towards artificial lights on platforms (Ditty
et al. 2000, Keenan 2002). Juveniles of many structure-dependent species that recruit to oil & gas
platforms (i.e., carangids, serranids, lutjanids, pomacanthids, balistids, monacanthids; Hernandez
et al. 2003, Fujii 2016) were regularly consumed by yellowfin tuna in the current study,
suggesting yellowfin tuna in the nGoM may forage more heavily on structure-associated prey
than those in other regions that rely on oceanic epipelagic prey (Rudershausen et al. 2010, Varela
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et al. 2017, da Silva et al. 2019). Indeed, in the Central Pacific, the importance of reef fish to
yellowfin tuna diets increased near islands or FADs where juvenile reef fish were more available
(Bertrand et al. 2002, Graham et al. 2007). Finally, it should be noted that the application of
DNA barcoding greatly improved the identification of juvenile fishes, particularly postsettlement reef fishes (serranids, lutjanids, pomacanthids) that would have been categorized as
unidentified fish using visual techniques. Thus, it is possible that juvenile reef fish and other
unique taxa observed here may simply be underrepresented in traditional diet studies.
Opportunistic consumption of small-bodied planktonic prey has been documented in a
range of piscivorous marine predators, including several species of tunas (Potier et al. 2007,
Cardona et al. 2012, Weng et al. 2015, Poland et al. 2019). Yellowfin tuna, in particular,
supplement their diet with small crustaceans such as crab megalopae and stomatopod larvae as
well as hyperiid amphipods (Bertrand et al. 2002, Ménard et al. 2006, da Silva et al. 2019,
Poland et al. 2019). Although the contribution to sub-adult diets was greater than adults in the
current study, planktonic prey resources were consumed by both size classes in all seasons
supporting the notion that larger yellowfin tuna continue to forage opportunistically on
planktonic prey (Ménard et al. 2006). Still, the seasonal dominance of planktonic prey in the
diets of yellowfin tuna described here far exceeded that of previous studies, suggesting that
planktonic prey resources play a prominent role in yellowfin tuna diets in the nGoM. While
several hyperiid amphipods (families Phrosinidae, Brachyscelidae, Phronimidae, Platyscelidae,
& Oxycephalidae) were among the most frequently consumed taxa, Phrosina semilunata
(recorded in 77% of sub-adult and 27% of adult stomachs) was the most important planktonic
prey resource for yellowfin tuna during winter. Although P. semilunata has been observed in
yellowfin tuna diets from several regions (Potier et al. 2007, Zudaire et al. 2015, da Silva et al.
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2019, Poland et al. 2019, Laptikhovsky et al. 2020), the species’ importance to yellowfin tuna in
the nGoM is likely influenced by the association of yellowfin tuna with oil & gas platforms, as
this species is among the most abundant amphipod at artificial structures in the nGoM and has
been documented as an important prey resource for large predators at artificial habitats (Tarnecki
& Patterson 2015). The increased importance of planktonic taxa (P. semilunata, salps, cavoliniid
gastropod) as food resources for yellowfin tuna during winter, suggests yellowfin tuna
opportunistically forage on plankton that are abundant in the water column during periods when
larger prey resources are relatively scarce. Similar behavior has been described for both Pacific
(Thunnus orientalis) and Atlantic bluefin tuna (Thunnus thynnus) which feed increasingly on
planktonic prey in spawning grounds where food is believed to be scarce (Shimose & Wells
2015). This idea is further corroborated by a recent study in the northwest Atlantic that
documented a diet shift to small planktonic crustaceans during winter for another congener,
blackfin tuna (Thunnus atlanticus; Poland et al. 2019).
In dietary studies, δ15N values are often used to assess relative trophic position (Post
2002), while δ34S values are used to contrast contribution of benthic/pelagic or freshwater/marine
sources to a consumer’s diet (Hesslein et al. 1991, Fry & Chumchal 2011, Szpak & Buckley
2020). Although δ15N and δ34S values in consumer tissues are largely influenced by the isotopic
composition of prey (e.g., past feeding events; McCutchan et al. 2003), isotopic baselines and
thus prey signatures are also influenced by water chemistry (Rooker et al. 2008). For example, a
predictable δ15N gradient occurs in the nGoM (Le-Alvarado et al. 2021), as dissolved nitrates
from the Mississippi River (Rabalais et al. 1996, Dagg & Breed 2003) exacerbate hypoxia and
denitrification in affected waters (Rabalais et al. 2002, Dorado et al. 2012), resulting in higher
δ15N values in shelf waters (influenced by river water) and lower δ15N values in oligotrophic
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water further offshore. Similarly, sulfate depleted freshwater from the Mississippi River
generates a δ34S gradient, in which lower δ34S values are associated with areas that are
influenced by freshwater and higher δ34S values are representative of oceanic waters (Newsome
et al. 2010). Seasonal patterns of δ15N and δ34S values were inversely related, suggesting that the
temporal scale of nitrogen and sulfur turnover occurs at similar rates in yellowfin tuna white
muscle tissue. Seasonal cycles in nitrogen and sulfur stable isotope values in yellowfin tuna were
similar for both age classes and characterized by a seasonal minimum in δ15N values (maximum
for δ34S values) during late summer for sub-adults and late fall for adults. This pattern is in
accord with the dietary shift to lower trophic (planktonic) prey (e.g., hyperiid amphipods, salps)
during the winter. The fact that lower values were observed in fall rather than summer for adult
yellowfin likely reflects slower tissue turnover in larger fish (Weidel et al. 2011, Vander Zanden
et al. 2015). Alternatively, seasonal shifts in nitrogen and sulfur could reflect seasonal
differences in isotopic baselines for these elements (Lorrain et al. 2015) caused by fluctuations in
freshwater input from the Mississippi River. River discharge is typically lowest in the winter (Ou
et al. 2020), and thus we might expect nitrogen isotopic baselines to be lower and sulfur isotopic
baselines higher in the winter, reflective of more oceanic water. Finally, it should also be noted
that lower δ15N values (higher δ34S) in sub-adult yellowfin tuna relative to adults during late
summer/early fall could also reflect the arrival of trans-Atlantic migrants to the nGoM (Kitchens
2017, Kitchens et al. 2018), as approximately 50% of yellowfin tuna in the nGoM were
estimated to be of eastern Atlantic (Gulf of Guinea) origin (Kitchens 2017). Such trans-Atlantic
migrations are believed to occur during the second year of life at about 60 - 80 centimeters
(Fonteneau & Soubrier 1996, ICCAT 2002). Recent migrant sub-adults would likely have a
lower δ15N and higher δ34S values reflective of oceanic water masses in comparison to resident
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sub-adults or adults in coastal water masses of the nGoM (Hesslein et al. 1991, Le-Alvarado et
al. 2021), which could explain why sub-adult yellowfin tuna had lower δ15N values and higher
δ34S values than adult yellowfin tuna during late summer and early fall.
Since δ13C values fractionate little between trophic steps, it is often used to examine
sources of organic carbon in a consumer’s diet (Post 2002); however, given that the isotopic
incorporation of carbon stable isotope values span large temporal scales (Vander Zanden et al.
2015), it can also be used to assess residential behavior (Fry et al. 2003, Davis et al. 2015). The
seasonal stability of δ13C values observed in adult yellowfin tuna suggest that sources of primary
production were relatively similar across seasons and larger individuals exhibit a high-level of
residency to the nGoM, which is in agreement with recent tracking studies (Hoolihan et al. 2014,
Rooker et al. 2019). In contrast, slight variation in δ13C value were observed for sub-adult
yellowfin tuna, with significantly lower values relative to adults from late summer to late winter.
It is possible that the observed differences between size classes reflect the contribution of recent
trans-Atlantic migrants to the sub-adult class beginning in late summer because oceanic δ13C
values are typically lower in the tropical Atlantic than the nGoM (Magozzi et al. 2017).
Interestingly, the δ13C values of sub-adults aligned with adults by the spring, which corroborates
the notion of a ~ 6 month turnover time for sub-adult tissue to reach isotopic equilibrium
(Vander Zanden et al. 2015).
Seasonal patterns in the predicted relative contribution of planktonic, oceanic, and coastal
prey sources to sub-adult and adult yellowfin tuna were largely supported by stomach content
findings, assuming approximately 6 and 9 month turnover times for sub-adult and adults,
respectively (Vander Zanden et al. 2015). The relatively high estimated contribution of oceanic
prey sources to sub-adults during fall/winter and adults during winter/spring was in accord with
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prey consumed during the spring and summer (carangids, scombrids, exocoetids, and
ommastrephid squids). Similarly, the contribution of planktonic prey sources was more
pronounced in sub-adult yellowfin tuna and peaks for sub-adults (summer) and adults (fall)
reflected the reliance on small crustaceans (e.g., hyperiid amphipods) and tunicates (i.e., salps)
during the winter when platform-associated fishes are less abundant (Stanley & Wilson 1997).
Interestingly, the estimated contribution of planktonic prey sources to adults during spring
(summer diets) and summer (fall diets) exceeded 38%, suggesting that planktonic prey may be
more important components of yellowfin tuna diets than stomach contents would suggest. While
planktonic prey was indeed observed in stomach contents in all seasons, the relative importance
to the diet (%IRI) was much lower during the warmer months, particularly for adult fish. This
discrepancy may be explained by faster gastric evacuation rates of soft-bodied prey (i.e., salps,
amphipods) that are much smaller in size relative to that of larger fish prey (Olson & Boggs
1986, Kirby et al. 2000). Furthermore, because metabolic rates of tunas are positively correlate
with temperature (Klinger et al. 2016), digestion rates are likely faster during summer and fall
(when water temperatures are highest) which could explain why smaller planktonic prey were
less abundant in stomach contents during warmer months. While oceanic and planktonic prey
sources were the most important contributors to yellowfin tuna in all seasons, higher relative
contribution of coastal prey sources to sub-adult (spring) and adult (summer) yellowfin tuna
aligned with aforementioned increases in availability of coastal fishes in fall (offshore spawning
migrations, trawl bycatch). The lack of coastal fishes observed in stomach contents of sub-adults
during the fall could suggest that sub-adults foraging on spawning coastal fishes and shrimp
bycatch in the fall are often underrepresented in the catch. Indeed, recreational anglers
preferential target large yellowfin tuna during this time, and although present, smaller individuals
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often suffer depredation by large sharks that are also foraging at these locations. Alternatively,
increased influence of coastal fish in sub-adults during spring and adults during spring and
summer may also reflect the influence of coastal fishes such as gulf menhaden (Brevoortia
patronus) and Atlantic bumper (Chloroscombrus chrysurus) that are used heavily as chum
during the summer and fall by the recreational fishery and were omitted from analyses.
Stomach content analysis is commonly used to investigate feeding ecologies (MacNeil et
al. 2005, Muñoz et al. 2011), but accurate characterization is often limited by the ability to
identify digested prey (Buckland et al. 2017). In the current study, DNA barcoding was applied
to aid in this limitation and ultimately reduced unidentified prey to ~ 7.2 (%N) and adds to a
growing body of literature that suggests that the application of DNA barcoding can greatly
improve diet interpretation (Dahl 2017). Further, the use of stable isotopes in dietary analyses
has broadened our ability to interpret feeding ecologies (Fry 2006), and the use of
complementary approaches (stomach contents & stable isotopes) allowed for a more
comprehensive and resolute characterization of seasonal variability in the diet of a marine
predator. While Bayesian mixed modelling has become increasingly common in ecological
studies, model results are sensitive to inputs such as TDFs and informative priors. To address
these concerns, great consideration was given to TDFs for yellowfin tuna (Graham 2008, Varela
et al. 2011, Madigan et al. 2012) and the construction of priors (Stock et al. 2018). Additionally,
while the current study incorporated a wide range of potential prey sources, it is difficult to
account for all prey sources (Phillips et al. 2014), thus the unintended exclusion of additional
sources could have altered the interpretation of mixing model results. While the use of fishery
dependent samples can bias short term diets by inflating the importance of prey associated with
habitats disproportionately targeted by anglers, the fact that dietary patterns observed in stomach
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contents of yellowfin tuna in my sample were corroborated by stable isotopes (long term
measure of diets) suggests such biases were likely minimal. Finally, the study was confined to
one year, precluding my ability to assess interannual variability in the diets. Nevertheless, the
weekly sampling approach provided high-resolution temporal and seasonal patterns in the diet of
a marine predator that are often lacking in dietary studies.
These findings highlight the seasonal and size-dependent variability that exists in the
feeding ecology of a large pelagic predator in waters where a residential subpopulation is thought
to occur (Kitchens et al. 2018, Rooker et al. 2019, Le-Alvarado et al. 2021). Stomach contents of
yellowfin tuna were characterized by seasonally distinct and abundant prey assemblages that are
influenced by prey reproductive cycles, unique habitat features (i.e., oil & gas platforms) and
environmental factors (i.e., freshwater discharge, oceanic currents) in the nGoM. Seasonal and
size-based variability in the utilization of oceanic, coastal, and planktonic prey resources in the
nGoM highlight the complex food web dynamics supporting an opportunistic predator in an
oceanic ecosystem. This study represents a critical step to understanding the temporal and
seasonal patterns of prey availability and resource utilization of a marine predator. Given the
increasing need for accurate dietary information and trophic linkages to improve food web
models (i.e., Ecopath with Ecosim) that underpin ecosystem-based management, future research
focused on application of similar high-resolution patterns in predator diets over multiple years is
needed to better characterize the complex temporal dynamics supporting marine food webs.
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